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The DnaK chaperone of Escherichia coli is known to interact with the J domains of DnaJ, CbpA, and DjlA.
By constructing multiple mutants, we found that the djlA gene was essential for bacterial growth above 37°C
in the absence of dnaJ. This essentiality depended upon the J domain of DjlA but not upon the normal
membrane location of DjlA.

The Hsp70 (DnaK) family of molecular chaperones and
their various cochaperone cohorts are central components of
the cellular machines that assist a plethora of biological pro-
cesses involving protein folding, translocation, disaggregation,
and protein targeting for degradation (reviewed in reference
2). All of these functions depend upon the ATP-dependent
association of Hsp70 with short hydrophobic sequences pres-
ent in its various substrate proteins. The intrinsically weak
ATPase activity of Hsp70 necessitates the requirement and
recruitment of protein partners that regulate its ATPase cycle.
Some of these proteins, such as the members of the DnaJ
(Hsp40) cochaperone family, specifically stimulate the ATP
hydrolysis step, while others, such as GrpE, modulate the
ADP-ATP exchange process (2, 14). All members of the DnaJ
cochaperone protein family invariably contain the so-called J
domain, an approximately 70-amino-acid signature sequence
that interacts with the ATPase domain of Hsp70 and stimu-
lates its ATPase activity (8, 9, 11, 14). This fact implies that the
substrate specificities of the DnaJ family members primarily
depend upon DnaJ’s other domains and/or upon its cellular
localization (11).

Escherichia coli possesses three genes, dnaK, hscA, and
ybeW, that code for members of the Hsp70 family and six
genes, dnaJ, cbpA, djlA, hscB, ybeS, and ybeV, whose products
share significant, or partial, sequence similarity with the ca-
nonical DnaJ J domain. DnaJ, CbpA, and DjlA share high
sequence similarity in their J domains, and have been shown to
act as bona fide cochaperones for DnaK (7, 14, 22, 23) (Fig.
1A). In contrast, the hscB gene product, Hsc20, was shown to
specifically function as a cochaperone for Hsc66, the gene
product of hscA (19). To date, no information is available
about the two putative J domain-containing genes ybeS and
ybeV, located immediately upstream of ybeW, whose gene
product is Hsc62 (25). The predicted translation products of

ybeS and ybeV show relatively low sequence identity with the
DnaJ J domain (about 20%), and both possess a His Pro Glu
tripeptide in place of the highly conserved His Pro Asp motif
characteristic of all known functional J domains (11).

The DnaJ protein has been extensively studied and shown to
be a key regulator of DnaK’s activities, both in vivo and in vitro
(14). DnaJ is a 41-kDa cytoplasmic protein that possesses four
distinct domains: an N-terminal J domain essential for stimu-
lation of DnaK’s ATPase activity, a glycine- and phenylalanine-
rich region of unknown function, a zinc finger domain, and a
C-terminal domain thought to bind and present specific sub-
strates to DnaK (2, 11, 16). A strain carrying a deletion in the
dnaJ gene displays various phenotypes, such as failure to rep-
licate bacteriophage l, inability to efficiently replicate mini-F
and P1 plasmids, loss of cellular motility, and temperature
sensitivity for growth above 42°C (10, 17, 18, 20, 27).

The 33-kDa CbpA (curved binding protein A) was originally
isolated for its ability to bind curved synthetic oligonucleotides
(21). CbpA is 39% identical to DnaJ, although it entirely lacks
the zinc finger domain (Fig. 1A). CbpA is poorly expressed
during the exponential phase of bacterial growth but is up-
regulated upon entry into stationary phase or during phos-
phate starvation, both responses being dependent upon the ss

transcription factor (24). A cbpA deletion mutant exhibits no
apparent growth phenotype, but the dnaJ cbpA double mutant
is hypersensitive for growth below 16°C and above 37°C, a
phenotype resembling that produced by a dnaK deletion mu-
tation alone (3, 22). Multicopy expression of CbpA efficiently
suppresses the phenotypes of a dnaJ null mutation, indicating
that CbpA, under certain circumstances, can behave like a
functional homolog of DnaJ (21, 23).

DjlA is a 30-kDa type III membrane protein with a single
N-terminal transmembrane domain and with the remainder of
the protein oriented towards the cytoplasm (6, 7). Apart from
its C-terminal J domain, DjlA possesses no appreciable homol-
ogy with either DnaJ or CbpA. DjlA was recently recognized as
a bona fide DnaK cochaperone, since it can stimulate DnaK’s
ATPase and assist DnaK in the reactivation of denatured lu-
ciferase in vitro (7). Various in vivo approaches showed that, in
contrast to CbpA, DjlA cannot complement bacteriophage l
growth in a dnaJ null background or bacterial growth above
39°C and below 16°C in the dnaJ cbpA null background (5, 12).
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A specific cellular role for DjlA has been difficult to pinpoint
since deletion of the djlA gene results in no apparent growth
phenotype. Nevertheless, overexpression of DjlA increases
sensitivity to some drugs, such as novobiocin and the anticalm-
odulin W7. DjlA overexpression is highly toxic in minimal
media and can trigger the synthesis of the colanic acid capsule
(1, 5, 12, 26). DjlA-mediated capsule induction requires both
interaction with DnaK and membrane localization (5, 7, 12,
26).

The dnaJ djlA double mutant is sensitive for bacterial
growth at high temperatures. To better understand the cellular
role of DjlA and explore the functional harmony between the
three J domain partners of DnaK, we constructed multiple
bacterial strains lacking various combinations of dnaJ, cbpA,
and djlA by bacteriophage P1-mediated generalized transduc-
tion at 30°C (15) and tested them for growth at various tem-
peratures. The strains used in this study are listed in Table 1.
P1 was grown on strains CU247 (dnaJ cbpA) and WKG15
(djlA), and these lysates served as donors in the transduction
experiments. Growth on Luria-Bertani (LB) agar plates of
bacterial strains carrying various combinations of null muta-
tions is shown in Fig. 1B. The reproducibility of the phenotypes
was assessed by constructing the same mutant combinations
in various E. coli genetic backgrounds (data not shown). The
growth properties of the dnaJ, cbpA, and djlA single null mu-
tants, as well as those of the dnaJ cbpA double mutant, have
already been described elsewhere (12, 21, 22). The following
original observations have been made in this study: (i) both the
djlA and cbpA genes can be deleted in the presence of DnaJ
without any apparent effect on bacterial growth, (ii) the dnaJ
cbpA djlA triple mutant is viable at 30°C and exhibits no addi-
tional growth defects on LB agar plates when compared to
those of the double dnaJ cbpA mutant, and (iii) in a manner
analogous to that of the dnaJ cbpA double mutant, the double
djlA dnaJ mutant is unable to grow at high temperatures. How-
ever, in contrast to that of the double dnaJ cbpA mutant,
growth of the double dnaJ djlA mutant is not affected at 16°C
(Fig. 1B).

The considerable growth defect of the dnaJ djlA double
mutant at temperatures above 37°C reveals the first phenotype

FIG. 1. (A) Schematic representation of the E. coli DnaJ protein
family. J-dom, J domain; G/F, glycine- and phenylalanine-rich region;
Zn, zinc finger domain; TM, transmembrane domain. The cross-
hatched boxes indicate the conserved region in DnaJ and CbpA, the
light-gray box indicates a central region of unknown function, and the
darker-gray ovals indicate the J domain. The numbers refer to the
amino acid residues of each protein. (B) Effects of combinations of
dnaJ, cbpA, and djlA mutations on E. coli growth. Representative
growth on LB agar plates following overnight incubation at various
temperatures is shown. 1 indicates the presence of the wild-type gene,
and 2 indicates the null mutant.

TABLE 1. E. coli strains, bacteriophages, and plasmids

Strain,
bacteriophage,

or plasmid
Genotype Reference

or source

Strains
MC4100 D(argF-lac)U169 araD139 rpsL150 deoC1

relA1 ptsF25 flbB5501 rbsR F2 l2
4

CU247 MC4100 DcbpA::Kanr dnaJ::Tn10-42(Tetr) 22
WKG15 MC4100 DdjlA::VSpcr 12
GP108 MC4100 dnaJ::Tn10-42(Tetr) This work
GP109 MC4100 DcbpA::Kanr This work
GP110 MC4100 DdjlA::VSpcr dnaJ::Tn10-42(Tetr) This work
GP111 MC4100 DdjlA::VSpcr DcbpA::Kanr This work
GP112 MC4100 dnaJ::Tn10-42(Tetr) DcbpA::Kanr This work
GP113 MC4100 DdjlA::VSpcr dnaJ::Tn10-42(Tetr)

DcbpA::Kanr
This work

Bacteriophages
lcI Clear plaque former Laboratory

collection
lcI dnaJ1 dnaJ1 transducing phage Laboratory

collection

Plasmids
pSE380 ColE1 Ptrc Ampr Invitrogen
pWKG90 dnaJ1 13
pCU60 cbpA1 22
pWKG54 djlA(H233Q) 12
pWKG52 djlADTMD 12
pGP134 djlADTMD in pSE380 This work
pGP135 djlADTMD (H233Q) in pSE380 This work
pGP136 cbpA in pSE380 This work
pGP137 dnaJ in pSE380 This work
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associated with the loss of DjlA. The absence of both DnaJ and
DjlA proteins in the dnaJ djlA double mutant was confirmed
by immunoblotting using anti-DjlA and anti-DnaJ antibodies
(data not shown). Furthermore, growth at high temperatures
could be restored following the introduction of low-copy-num-
ber plasmids expressing either DnaJ or DjlA from their native
promoter sequences (data not shown). These results reveal
that, under standard laboratory conditions, either cbpA or djlA
can be deleted without any apparent effect on bacterial viabil-
ity. In contrast, in a dnaJ null background, cbpA or djlA be-
comes essential for bacterial growth at high temperatures.

A functional J domain, but not DjlA’s cellular localization,
is essential for bacterial growth in a strain lacking dnaJ. Next,
we asked whether DjlA’s membrane localization and/or its
interaction with DnaK was required for growth in the dnaJ null
mutant background. To answer this question, a djlA fragment
lacking the region encoding the N-terminal 31-amino-acid
transmembrane domain (djlADTM) and a mutated gene en-
coding an H233Q mutation in the J domain, known to abolish
productive interaction with DnaK (djlADTM-H233Q) (7, 12),
were PCR amplified from plasmids pWKG52 and pWKG54,
respectively, using primer A (59-CCGCCATGGATAAAGCC
CGTAGCCGTAAA-39), which introduces an NcoI N-terminal
site (italicized), and primer B (59-CCGGGATCCTCATTTAA
ACCCTTTCTGCTGCTT-39), which introduces a BamHI C-
terminal site (italicized). The PCR fragments were digested by
NcoI and BamHI and cloned into NcoI- and BamHI-digested
pSE380, resulting in plasmids pGP134 (djlADTM) and pGP135
(djlADTM-H233Q). The constructs were sequence verified,
and protein expression was assessed by semiquantitative im-
munoblotting using anti-DjlA antibodies. It was found that the
expression level of both proteins was approximately 40 times
higher than the expression level of chromosomally encoded
DjlA (data not shown). As a positive control, full-length wild-
type dnaJ from pWKG90 (13) was digested by NcoI and BglII
and also cloned into NcoI- and BglII-digested pSE380, result-
ing in plasmid pGP137 (Table 1). Since high expression of the
full-length DjlA containing the transmembrane domain is very
toxic for the cell (5, 12), we could not use its corresponding
construct as a control in this assay.

As expected, the plasmid expressing wild-type DnaJ, but not
the plasmid vector alone, complemented the growth of the
dnaJ djlA double mutant (Fig. 2, first two lanes). A plasmid
expressing a truncated form of DjlA, which lacks the trans-
membrane domain (DjlADTM) also complemented the tem-
perature-sensitive-phenotype of the dnaJ djlA double mutant
(Fig. 2, third lane). However, the point mutation in the DjlA J
domain (DjlADTM H233Q) abolished all complementation
(Fig. 2, fourth lane). Furthermore, no complementation was
observed with the DjlA J domain alone, suggesting that the J
domain and the central domain of DjlA are essential for DjlA
function in the absence of DnaJ (data not shown). Taken
together, these results indicate that, in the absence of DnaJ,
the transmembrane domain of DjlA is not critical for E. coli
growth but that DjlA-DnaK interaction is.

In agreement with previous findings with the dnaJ cbpA
double mutant (5), neither DjlA nor DjlADTM could comple-
ment bacteriophage l growth on the dnaJ djlA double mutant
(Fig. 2) or bacteriophage P1 growth (data not shown). In ad-
dition, as observed for the dnaJ cbpA double mutant (5),

DjlADTM could complement the growth defect of the dnaJ
cbpA djlA triple mutant, but only up to 39°C (data not shown).

CbpA overexpression can fully complement the lack of both
DjlA and DnaJ. Previous work had shown that multicopy ex-
pression of CbpA could complement the bacterial growth de-
fect phenotype of either a single dnaJ mutant or a double dnaJ
cbpA mutant (21, 22). We asked whether CbpA could comple-
ment the lack of DjlA in the double dnaJ djlA mutant. To do
so, cbpA DNA was first PCR amplified from plasmid pCU60
using primer C, 59-GGGAATTCACCATGGAATTAAAGGA
TTAT-39, which introduces an N-terminal NcoI site, and prim-
er D, 59-GGGGATCCAGATCTTATGCTTTCCCCCAAT-39,
which introduces a C-terminal BamHI site. The PCR fragment
was digested by NcoI and BamHI and cloned into NcoI- and
BamHI-digested pSE380, yielding pGP136. The construct was
sequence verified and tested for functionality in the dnaJ cbpA
mutant (data not shown). Plasmid pGP136 was then trans-
formed into the double dnaJ djlA mutant and tested for its

FIG. 2. Complementation of the bacterial temperature-sensitive
phenotype and the block of bacteriophage l growth of the dnaJ djlA
double mutant. Strain GP110 (dnaJ djlA double mutant) was trans-
formed with the pSE380-based constructs carrying the genes indicated
at the top of the figure. Fresh transformants were grown overnight at
30°C, serially diluted, and spotted on LB agar plates containing 100 mg
of ampicillin per ml at the indicated temperatures. Bacteriophage l
growth was measured as described previously (7). 1 indicates an av-
erage plaque size and an efficiency of plating of approximately 1.0
compared to that of the wild type, and 2 indicates no plaque formation
(,1025).
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effect on bacterial growth (Fig. 2). The results clearly show
(Fig. 2, compare the second and fifth lanes) that multicopy
expression of CbpA can fully complement the lack of both
DjlA and DnaJ at all temperatures tested. The same observa-
tion was made for the dnaJ cbpA djlA triple mutant (data not
shown). These data support and extend the idea that CbpA is
a functional homolog of DnaJ.

Concluding remarks. This study sheds light on functional
overlaps among the three DnaJ family members of E. coli by
examining both the synthetic phenotypes using various combi-
nations of null mutations and the extent of multicopy suppres-
sion in various genetic backgrounds. Our results reveal a sur-
prising functional redundancy between DnaJ and either CbpA
or DjlA. In the absence of DnaJ, E. coli requires the presence
of either CbpA or DjlA to sustain growth at elevated temper-
atures. It is unknown how this is accomplished mechanistically.
Although CbpA may functionally replace DnaJ by virtue of its
overall domain similarity and substantial sequence homology,
it is less clear how DjlA can perform the same task. Since the
only common region of sequence homology shared by CbpA
and DjlA is their J domain, there may be additional, but se-
quence-unrelated, substrate interaction regions in the two pro-
teins that may assume a role(s) analogous to that normally
provided by DnaJ.
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